[1] This paper presents ozone structures measured by a ground-based ozone lidar and ozonesonde at Huntsville, Alabama, on 27-29 April 2010 originating from a stratosphere-to-troposphere transport event associated with a cutoff cyclone and tropopause fold. In this case, the tropopause reached 6 km and the stratospheric intrusion resulted in a 2-km thick elevated ozone layer with values between 70 and 85 ppbv descending from the $306-K to 298-K isentropic surface at a rate of $5 km day
Introduction
[2] When viewed from a global-scale perspective, stratosphere-troposphere exchange (STE) is driven by the Brewer-Dobson circulation with upward motion across the tropopause at the equator and downward motion in the extratropics. These fluxes, which partly govern the global chemical transport, significantly affect the radiative forcing associated with global climate change (for review, see Holton et al. [1995] and Stohl et al. [2003a] ).
[3] The identification of the tropopause is important because it significantly affects the quantification of the crosstropopause air mass flux. Depending on different applications, there are at least three conventional tropopause definitions: thermal tropopause, based on temperature lapse rate [World Meteorological Organization (WMO) , 1986]; chemical tropopause, based on trace gas (e.g., ozone, CO) concentration [Browell et al., 1996] , gradient, or both [Bethan et al., 1996] ; and dynamic tropopause, based on certain threshold of potential vorticity (PV) [Holton et al., 1995] . The WMO [1986] defines the tropopause as the lowest level at which the lapse rate decrease to 2 K km À1 or less, and the lapse rates within the 2-km thick layer from this level do not exceed 2 K km À1 . The thermal tropopause is popular because it represents the chemical transition layer very well in the extratropics [Pan et al., 2004] , and can also be easily calculated with a sounding or model temperature profile. The dynamic tropopause has an advantage in quantifying the conservative transport across the tropopause [Dethof et al., 2000] when it is treated as a material surface. 1.6, 2, or 3.5 PV unit (PVU = 10 À6 K m 2 kg À1 s À1 ) is often chosen as the threshold [Hoerling et al., 1991; Hoinka, 1998; Wernli and Bourqui, 2002] . PV is widely used as a stratospheric tracer to investigate the influence of cross-tropopause exchange on the troposphere [James et al., 2003; Wernli and Bourqui, 2002] . There is no standard criterion to define the chemical tropopause because both the concentration and gradient of trace gases at the tropopause vary widely with location and season. However, some definitions of chemical tropopause are popular, such as Bethan et al.'s [1996] ozone tropopause criterion which defines the tropopause as the altitude at which the ozone mixing ratio is greater than 80 ppbv, ozone gradient exceeds 60 ppbv/km in a depth of 200 m, and the ozone above the tropopause exceeds 110 ppbv. Another definition by Pan et al.'s [2004] identifies the chemical tropopause at the intersection point of a stratospheric tracer (e.g., ozone) increasing and a tropospheric tracer (e.g., water vapor) decreasing with altitude. In this paper, we employ the tropopause heights calculated using all three of the above definitions and data from either local observations or model calculations.
[4] Stratosphere-to-troposphere transport (STT) (i.e., stratospheric intrusion), which hereafter refers to only downward motion of the STE, makes an important contribution (at least 10%) to the budget of tropospheric ozone [Fusco and Logan, 2003; Lelieveld and Dentener, 2000; Thompson et al., 2007] although the debate about its quantitative significance continues. In North America, STT occurs mostly frequently in the midlatitudes between 40 N and 65 N, however, its impact is mostly confined to the subtropical lower troposphere (maximized at 30-40 N) [Hsu et al., 2005; Wernli and Bourqui, 2002] due to quasi-isentropic descent. Deep STT events are often found in the midlatitude storm track regions associated with baroclinic activities, such as tropopause folding and cutoff cyclones, and account for $15% of the total STT mass flux during winter according to the model study by Wernli and Bourqui [2002] . Most of the STT contributes to the tropospheric budget through a shallow and transient exchange [James et al., 2003] . However, those deep STT events significantly change the oxidizing capacity of the troposphere and even enhance the surface maxima [Langford et al., 2009; Lefohn et al., 2011] . In terms of the seasonal cycle, the maximum net downward cross tropopause transport of ozone occurs in spring [Hsu et al., 2005; Olsen et al., 2004] despite the comparable net downward air mass flux in winter and spring [Wernli and Bourqui, 2002] . STT plays a considerably important role for the spring maximum of the background ozone in the North Hemisphere [Monks, 2000; Stohl et al., 2003b] , which is defined as the ozone not attributed to anthropogenic sources of local origin, although the dominant factor is believed to be local photochemical production [Vingarzan, 2004] .
[5] Several mechanisms have been associated with STTs including tropopause folding [Danielsen, 1968; Shapiro, 1980] , cutoff cyclones [Gouget et al., 2000; Langford et al., 1996; Price and Vaughan, 1993; Vaughan et al., 1994] , and gravity wave breaking [Lamarque et al., 1996] . Both cutoff cyclones and tropopause folds are often found together, with the former emphasizing the horizontal distribution of weather systems and the latter emphasizing vertical structure. A cutoff cyclone/low is a cyclonic circulation in the geopotential height field in the middle or upper troposphere isolated from the main trough in the westerlies. Climatically, cutoff cyclones occur more frequently in summer (50%) and spring (30%) [Nieto et al., 2005] . The lifetimes of cutoff cyclones are usually 2-3 days. Notwithstanding the highly variable estimations of the ozone flux due to cutoff cyclones in the previous studies, they make a major contribution to tropospheric ozone budgets [Ancellet et al., 1991] .
[6] Lidars have long been used to measure STT structures [Browell et al., 1987; Eisele et al., 1999] and STT contributions to the tropospheric-ozone abundance [Ancellet et al., 1991; Vaughan et al., 1994] . Because of its high resolution and continuous observational capability, a lidar is the ideal instrument to capture rapid variations in ozone distribution. Lidar observations can validate various atmospheric models [Zanis et al., 2003] , particularly where high spatial and temporal resolution are required, and improve our understanding of the ozone budget. Although STT observations are extensively discussed in the literature, observations of intrusions south of 35 N are not reported frequently. This paper will present and analyze the lidar and ozonesonde measurements made over Huntsville associated with an STT event, estimate its flux into the troposphere, and discuss the resulting tropospheric ozone variability.
Instrumentation

Lidar
[7] Located in the Regional Atmospheric Profiling Center for Discovery (RAPCD) on the campus of the University of Alabama in Huntsville (UAHuntsville) (34.72 N, 86.65 W, 206-m asl) , the ozone Differential Absorption Lidar (DIAL) makes retrievals from 0.5 to $12 km above ground level (AGL) during both daytime and nighttime with a typical temporal resolution of 10 min and range resolution of 750 m. This system operates with two wavelengths, 285 and 291 nm, and employs two receivers, one 10-cm in diameter and the second 40 cm. Recent transmitter upgrades have extended the upper observation limit from $8 to $12 km and the addition of a third photomultiplier (PMT) channel has extended the lower retrieval from 1 to 0.5 km AGL. An iterative aerosol correction [Kuang et al., 2011a] is applied to reduce errors arising from differential aerosol backscattering typically encountered below 6 km. Validation of the lidar measurements using ozonesondes has shown that the uncertainties for a 10-min retrieval are less than 10% below 4 km AGL and less than 20% below 8 km [Kuang et al., 2011a] . Generally, signals contaminated by clouds below 3 km are automatically discarded by the software. Higher altitude cloud interference is removed manually.
Ozonesonde
[8] The Huntsville ozonesonde station is a joint effort between the Earth System Science Center of the UAHuntsville and the NOAA's Global Monitoring Division (formerly Climate Monitoring and Diagnostic Laboratory) in the Earth System Research Laboratory. Weekly ozonesonde (ENSCI model 2Z) observations have been made in Huntsville since 1999 [Newchurch et al., 2003] and have been used to validate the DIAL measurements. The ozonesondes used in Huntsville employ an Electrochemical Concentration Cell (ECC) sensor [Komhyr, 1969] , with 2% unbuffered potassium iodide (KI) cathode solution, to measure ozone partial pressure, and a Vaisala RS-80 radiosonde to measure, ambient temperature, pressure, and dew point up to 35 km altitude. This ECC-type ozonesonde is currently the most widely used instrument to measure the vertical tropospheric ozone profiles due to its well-characterized behavior and working capability under various sky conditions. The typical ascent rate of the balloon-borne ozonesondes is $5 m/s and the response time of the sensor to a step change in ozone concentration is $20-30 s [Komhyr et al., 1995; Smit et al., 2007] meaning that the vertical resolution of the ozonesonde measurements is approximately 100-150 m. Recent assessment experiments suggest that the ENSCI 2Z ozonesondes measure ozone with a precision better than AE5% and a accuracy better than AE10% up to 30 km if the sondes are prepared and operated properly, although there exist systematic biases less than 7% with different sensing solution and manufacture years [Johnson et al., 2002 [Johnson et al., , 2008 Smit et al., 2007] .
MPR
[9] The potential temperature (Q) used in this paper is provided by a collocated microwave profiling radiometer (MPR, Radiometrics TP/WVP-3000) [Ware et al., 2003] . Although this paper will present only temperature measurements, the MPR measures temperature and water vapor density up to 10 km height with seven discrete frequency bands from 51 to 59 GHz and five bands from 22 to 30 GHz [Solheim et al., 1998 ], respectively. The MPR reports temperature retrievals every 100 m below 1 km and every 250 m from 1 to 10 km with a temporal resolution of 1 min, and uncertainty of $2 K [Güldner and Spänkuch, 2001] . The vertical resolution decreases from $100 m below 1.2 km to $1 km at 10 km. Extensive applications of the MPR on severe weather and atmospheric chemistry in UAHuntsville have been reported by Knupp [2006] , Knupp et al. [2009] , Karan and Knupp [2006] , and Kuang et al. [2011b] .
Results
Meteorological Analysis
[10] As shown on the 300-hPa upper-air chart for 0000 UTC 27 April 2010 in Figure 1 (thereafter all times refer to UTC), a cutoff cyclone centered above Illinois (about 95 W, 40 N) separated from the main cyclone centered above Quebec due to a blocking anticyclone above Manitoba, Canada. This cutoff cyclone developed on 26 April and merged back to the main trough on 28 April with a two-day lifetime. For further analysis, we examine the meteorological fields from the North American Mesoscale (NAM) model from the National Centers for Environmental Prediction (NCEP) [Janjic, 2003] . The NAM outputs have a horizontal resolution of $13 km and 39 vertical pressure layers from 1000 to 50 hPa. Figure 2a shows the horizontal distributions of 300-hPa wind speed and RH for 1200 27 April (12 h later than the time for Figure 1 ). The 300-hPa surface is helpful for STT diagnostics because it is usually the highest tropospheric layer in the extratropics with good STT detection sensitivity. Both the main and cutoff cyclones have corresponding low humidity regions. The hook-shaped low water vapor stream outlines the region containing dry stratospheric air 'leaked' into the troposphere. The jet stream, which is often found concurrent with a stratospheric intrusion [Ravetta et al., 1999; Sorensen and Nielsen, 2001 ], was located just above Huntsville with a maximum wind speed exceeding 60 m/s. The wind speed at the main cyclone was less than 20 m/s and much weaker than at the cutoff low.
[11] Figure 2b presents the 320-K isentropic potential vorticity (IPV), denoted by the black lines, and lowest 2-PVU surface pressure, represented by colors, for investigation of the stratospheric intrusion depth and estimation of the ozone budget of irreversible mixing. For this particular tropopause folding case, the 2-PVU dynamic tropopause is more appropriately seen as a lowest layer of the air originating from STT rather than the material distinction of the troposphere and stratosphere. The stratospheric-intrusion air may be located in the upper troposphere without losing the characteristics of stratospheric air. By using PV as a stratospheric tracer, we show how and where the ozone above the 2-PVU surface is permanently mixed down into the troposphere. On the 320-K Q surface, the shape of the PV anomaly associated with the cutoff low, centered at ($38 N, $90 W), agrees well with the dry air region shown in Figure 2a . If the adiabatic and frictionless processes dominate, the PV anomaly advects conservatively on the isentropic surface [Hoskins et al., 1985] . Because the 320-K Q surface is approximately located between 300 and 400 hPa for this case, the mismatch between the 320-K IPV contours and 2-PVU surface pressure in Figure 2b suggests the horizontal stretch of the stratospheric intrusion tongue. The discontinuity of the colors denoting the pressure of the 2-PVU surface suggests the degree of the isolation experienced by the STT. By using the 320-K IPV and 2-PVU surface contours, we present a virtual 3-dimensional picture of the stratospheric intrusion and its variation, especially in the later ozone flux analysis. At 1200, in the cutoff cyclone region, the 2-PVU surface pressure was mostly above 450 hPa ($6.2 km) and its contours were consistent with the PV contours. This means that the depressed stratospheric air was not isolated in the troposphere and most of the intrusion was still shallow, although a small amount of the intrusion reached below 500 hPa at the west and south edge of the cutoff low. The horizontal structure of Ozone Monitoring Instrument (OMI) [Levelt et al., 2006] total ozone, in Figure 2c , is consistent with the IPV anomaly distributions with maximum values of >500 DU at both the main and the cutoff cyclones.
[12] Figure 3 shows the pressure-altitude cross-section for (a) Q and wind speed, and (b) RH, PV, and both the 2-PVU dynamic (black line) and thermal tropopause (white line) at 86.65 W longitude at 1200 27 April. The WMO [1986] based thermal tropopause is calculated by using the lapse rate interpolation method presented by Reichler et al. [2003] with uncertainties of approximately 30-40 hPa in the extratropics. The thermal tropopause is approximately 1 km higher than the dynamic tropopause at the north side of the intrusion tongue (>37 N) [Bethan et al., 1996] associated with the cyclonic system, and significantly higher than the dynamic tropopause at the south side of the intrusion tongue in association with the small horizontal scale of the PV anomaly [Wirth, 2000] . The PV structures show the distinctive tropopause folding between 35 N and 40 N associated with the cutoff cyclone. Although the intrusion's tongue appears to extend equatorward, it also moved eastward. The jet stream is classically located at the south side above the STT tongue near the tropopause. Large gradients exist in wind speed within the tongue. The RH curtain plot shows moist air associated with the surface frontal system beneath the intrusion. Two-way motions, both STT and troposphere-tostratosphere transport (TST), often occur concurrently. The convective updrafts, which are represented by the high RH column at $38 N north of the STT tongue in Figure 3b , can potentially transport tropospheric air across tropopause [Homeyer et al., 2011; Pan et al., 2009] . However, no effort is made to quantify the TST in this study. Relative to the cutoff cyclone, the northern intrusion associated with the main cyclone was shallower and has lower wind speeds.
Measurements
[13] Figure 4 shows the ozone lidar observations, the Q structures derived from the collocated MPR, and the NAMderived PV. For correct identification of air-parcel sources, three tropopause heights are presented in Figure 4a : the NAMderived dynamic tropopause (2-PVU surface, thick black contour), the NAM-derived thermal tropopause (red dashed line), and the MPR-derived thermal tropopause (black crosses). Because the MPR measures temperature only up to 10 km, we made a modification on the WMO definition to calculate the MPR thermal tropopause. If the threshold of 2 K⋅km À1 was detected, the lapse rate of the upper layer was checked up to only 10 km. This adjustment allows tropopause detection between 8 and 10 km albeit with greater uncertainty. The MPR-derived tropopause with 1-min temporal resolution was displayed every 10 min for a better visual result. The ozone profile measured by an ozonesonde launched at 1900 is marked by a black triangle in Figure 4a . The complete plot of ozone, RH, temperature, and tropopause height appears in Figure 5 . From the ozonesonde measurement, the WMObased thermal tropopause is at 6.5 km, 500 m higher than the ozone tropopause, at 6.0 km, derived with either Bethan et al. 's [1996] criteria or Pan et al. 's [2004] definition.
[14] The STT event with a maximum ozone value of 150-ppbv at 6.5 km was detected by the ozone lidar at $1600 27 April after a light rain in the early morning (0900-1000). From the PV cross section in Figure 3b , this 1.5-km thick high ozone layer at 6.5 km is the front part of the PV anomaly. Both the 2-PVU surface and the ozone lidar profiles suggest a short-term double tropopause [Randel et al., 2007] at $6 and $11 km associated with the PV anomaly. The high ozone mixing ratio and near zero RH above 6 km, shown by the ozonesonde measurement, suggest that the tropopause depressed to $6 km and the major body of the PV anomaly tongue (shown in Figure 3b ) had arrived above Huntsville by 1900. At $2130, the peak ozone below 10 km seen in the lidar data (Figure 3a) , 320 ppbv, occurring at 8 km instead of 9.6 km for the ozonesonde profile suggests the major body of the PV anomaly started to exit the atmosphere above Huntsville. At this tropopause depression phase on 27 April, the PV distribution agrees well with the ozone structures. The dynamic tropopause (2-PVU surface) is approximately consistent with the 100-ppbv ozone surface shown by the lidar and ozonesonde. Although the thermal tropopause generally can represent the center of the transition layer between the stratosphere and troposphere [Pan et al., 2004] on large time and space scales, the NAMderived thermal tropopause does not show a depressed tropopause to $6 km despite the same temporal and vertical resolution as the NAM-derived dynamic tropopause, possibly due to the small scale of the horizontal features [Wirth, 2000] of the tropopause folding associated with the cutoff cyclone. Moreover, this discrepancy can be caused by the tropopause definitions themselves because the dynamic tropopause captures the changes in both the dynamics and the thermal stratification, while the thermal tropopause captures only the later [Birner et al., 2002; Wirth, 2001] . The ozonesonde temperature profile is able to capture the low tropopause indicating that the vertical resolution also affects tropopause identification. After the tropopause depression phase (later than 0000 28 April), the NAM thermal tropopause is approximately 1-1.5 km higher than the dynamic tropopause and the MPR-derived tropopause. The 1.5-km discrepancy between the MPR-derived thermal tropopause and the NAM-derived thermal tropopause may result from differences in the vertical resolution [Birner et al., 2002] and uncertainty in MPR measurements.
[15] Intermittent precipitation and low level clouds (2-3 km) were found during the daytime on 27 April associated with the surface frontal system located south of Indiana and Ohio, corresponding to the cutoff cyclone. We notice that the lidar observations of 60-65 ppbv ozone between 3 and 4 km at 1600 is about 10-15 ppbv higher than the sondeobserved ozone ($50 ppbv) at 1900 on the same day. This 10-15 ppbv difference has exceeded the measurement uncertainty and, therefore, should be considered to be real because of the quick dilution and convection. The whole tropospheric ozone record shows enormous variability between 1600 and $2130 associated with the physical mixing processes [Newell et al., 1999; Oltmans et al., 1996] .
[16] Ozone lidar measurements made after nighttime precipitation show a descending belt of high ozone with a thickness between 1 and 2 km, which was extruded from the stratosphere and was diluted through turbulence [Bertin et al., 2001] . This ozone rich layer between 70 and 85 ppbv at , and 10-PVU levels (solid black lines), calculated using the 6-h NAM analysis products, are also shown. The thick solid black line delineates the dynamic tropopause (2-PVU surface) and the dashed red line represents the NAM-derived thermal tropopause heights. (b) Q structures derived from the MPR and ozonesonde. The black and red crosses denote the thermal tropopause heights calculated with the MPR data and ozonesonde, respectively. In some time ranges, no MPR-derived tropopause is present, meaning that the tropopause could exceed the highest detection range of the MPR, 10 km. $7.5 km at 0300 28 April has a Q between 302 and 310 K (as determined from the coincident MPR measurements), close to the average Q where STT is most intense for springtime, $305 K [Sprenger and Wernli, 2003] . The Q of the thermal tropopause (red cross in Figure 4b ) derived from the ozonesonde at 1900 the previous afternoon is 297 K. This Q difference implies that the peak cross-tropopause activity took place slightly ($1 km) above the tropopause found by the ozonesonde [Hoor et al., 2002; Pan et al., 2004 Pan et al., , 2006 . The ozone rich layer finally descended to the $298-K Q surface at $2.5 km at 0615 29 April with a rate of $5 km/day. The STT ozone descended faster than the isentropic surface because of the fact that the exchange processes are not purely dry adiabatic.
[17] Another important variation in Figure 4 is that the upper tropospheric ozone that existed above the STT layer before 1800 on 28 April decreased from $60-70 to $40-50 ppbv the second day following intermittent precipitation between 1800 and 2200 on 28 April. To understand this change, we employ HYSPLIT ensemble backward trajectories (R. Figure 6 , the 3-km layer originated from the path of the cutoff cyclone and, therefore, had higher ozone, as expected, likely due to the STT. The 6-km air, however, was mostly advected from the mid and low troposphere above Pacific Ocean where the ozone concentration is typically low. The low ozone air after the stratospheric intrusion, even lower than measured before the intrusion, is a common pattern that was frequently observed [e.g., Roelofs et al., 2003] in association with the propagation of the baroclinic waves. STTs associated with tropopause folds usually occur on the western side of the upper-air trough where the northerly or northwesterly winds transport the high-ozone air mass downwind. After the passage of the trough, the westerly winds start to dominate and will advect the air mass, which usually does not contain much stratospheric component or anthropogenic pollution. Therefore, the ozone variation due to STT can be quite complex. The $80-ppbv layer between 8 and 10 km at 0300 on 29 April likely formed the secondary tongue of the stratospheric air [ Eisele et al., 1999] ; however, its intrusion is rather shallow without the support of the wind jet.
Ozone/PV Ratio
[18] The ratio of ozone to PV is an important parameter for modelers to estimate the global STE flux and budget by using PV as an ozone tracer. The ozone/PV ratios in the upper troposphere and lower stratosphere reported by previous investigators differ significantly from 30 to 73 ppbv/ PVU with season and location Beekmann et al., 1994; Browell et al., 1987; Gouget et al., 2000; Rao et al., 2003; Roelofs and Lelieveld, 1997] . The ozone/PV ratios reach a maximum in springtime and minimum in winter according to Beekmann et al. [1994] primarily associated with the large-scale stratospheric circulation [Holton et al., 1995] . We use both the lidar and ozonesonde measurements to estimate the ozone/PV ratios. The 10-min lidar ozone profiles (in Figure 4a ) coinciding with the NAM times are extracted for the calculation. The closest time of NAM reanalysis product to the sounding time (1900) is 1800. This one-hour difference should not be ignored for a quickly moving system. By comparing the moving trajectory of high PV air mass at 1200 and 1800, we believe the ozonesonde measured air approximately at 87.20 W, 35.15 N, which is 0.55 west and 0.43 north of Huntsville, although we understand that the ozonesonde drifted horizontally away from Huntsville during ascent. The ozone is interpolated on the NAM pressure levels. Based on the PV contours and ozone curtain in Figure 4a , the air with PV between 1 and 6 PVU can be considered as a mixing layer of the troposphere and stratosphere, with PV greater than 6 PVU indicating stratospheric air dominates.
[19] Figure 7 shows the linear fits for the NAM-derived PV and locally measured ozone above Huntsville, including both the lidar and ozonesonde observations. In the mixing layer of the troposphere and stratosphere, the ozone/PV ratio is equal to 41 ppbv/PVU with a RMS error of 43 ppbv translating to an estimated uncertainty of 33% for an average PV of $3 PVU. This ozone/PV ratio is close to the climatological average that Beekmann et al. [1994] [Pan et al., 2010] for April-June over North America, $31 ppbv/PVU. This discrepancy may be the result of an insufficient number of data points in this study. Moreover, the discrepancy could be attributed to the latitude dependence of ozone/PV ratios [Rao et al., 2003] and the error in the latitude/longitude registration for the ozonesonde. The ozone/PV ratio in the stratosphere is $59 ppbv/PVU. We do not extend the discussion into the stratosphere due to insufficient data for this case.
STT Flux
[20] Previous estimates of ozone flux originating with STTs vary widely from 0.014 Tg (1.8 Â 10 32 molecules) to 0.08 Tg (10.4 Â 10 32 molecules) per day [Beekmann et al., 1997] , with the variation attributable to the varying tropopause folding strength, annual variability, and the uncertainty in the calculation method. Figure 8 shows the evolution of the 320-K IPV and the 2-PVU based tropopause pressure from 1800 27 April to 0000 29 April with a 6-h interval (1200 27 April already shown in Figure 2 ). During this 36-h period, the cutoff low moved along the edge of the main trough and finally merged with it. At 1800 27 April (Figure 8a ), the depressed stratospheric air associated with the cutoff cyclone was above 500 hPa ($5.5 km), close to the high PV center at the 320-K Q surface. At 0600 28 April (Figure 8c ), when the elongated high PV region moved to the east side of the main trough from the south side, a large amount of STT air that intruded below 600 hPa was positioned above southern Georgia and far away from the high PV center. This air appears to have been mostly isolated in the troposphere based on the large gradients of the 2-PVU surface pressure (represented by color discontinuity). Six hours later, most of the isolated stratospheric air had been transported over the Atlantic and a portion of it had intruded into the lower troposphere. Figures 8c-8e strongly suggest that the detached stratospheric air, which was located in the low altitude level and represented by red color, had been irreversibly mixed down into the troposphere. We notice that the tropopause pressures for most of the high PV (>2 PVU) region were always between 350 and 400 hPa (green color). This means that air above $350 hPa ($8 km) most likely remained in the stratosphere regardless of whether the intrusion was isolated.
[21] To estimate the ozone flux associated with this STT event, we assume the linear relationship between PV and ozone derived in the previous section, and furthermore that all of the stratospheric air (>2 PVU) below 375 hPa ($7.5 km) had irreversibly mixed into the troposphere for this relatively small-scale system. This assumption is consistent with the lidar observations which show that the ozone originating from the stratosphere started to descend from $7.5 km (0300 28 April in Figure 4a ). Moreover, this irreversible mixing is strongly suggested by the distinct separation of the thermal and dynamic tropopause .
[22] Focusing on only the cutoff cyclone system, the calculation area is limited to the square formed by the coordinates (102 W, 80 W) and (33 N, 42.5 N) in Figure 2b . Thus, for 1200 27 April, the estimated stratospheric air, which potentially can be irreversibly transported into the troposphere, was 3.7 Â 10 14 kg which includes 0.09 Tg (1.13 Â 10 33 molecules) of ozone. One can calculate the average volume mixing ratio for this STT air reservoir as 148 ppbv (or 3.07 PVU). In this manner, Table 1 gives the potential irreversible STT ozone budget corresponding to the cutoff cyclone for different times. The appropriate spatial areas for this calculation are designated by the white squares in Figure 8 . The stratospheric ozone depressed under 375 hPa slightly increases from 1200 27 April to 0000 28 April, consistent with the deeper intrusion shown in Figure 8 . However, the stratospheric ozone under 375 hPa significantly decreased from 0.106 Tg at 0000 28 April to 0.073 Tg six hours later, then to 0.035 Tg twelve hours later. The ozone mass differences for each 6-h period were associated with the irreversible mixed stratospheric ozone that had lost the characteristics of stratosphere air (e.g., PV > 2 PVU). Due to its dilution, the average ozone mixing ratio of the air originating from the stratosphere with PV greater than 2 PVU decreased from 150 ppbv at 0000 28 April to 112 ppbv at 1800 28 April. This result is consistent with the lidar observations and NAM-derived PV structures in Huntsville that show the air with ozone less than 100 ppbv generally had PV less than 2 PVU. These results suggest that, if the stratospheric air is irreversibly transported across the tropopause, it will quickly lose its stratospheric characteristics [Stohl et al., 2000] , such as high PV and high ozone, due to the quick mixing with surrounding tropospheric air so that it is difficult to track the STT air with these tracers more than a few days.
[23] Table 1 indicates that the intense irreversible mixing started to occur between 0000 and 0600 28 April, consistent with the ozone lidar observations in Figure 4a . The stratospheric intrusion tongue at 0600 28 April (Figure 8c ) was almost completely detached, while the intrusion tongue at 1200 28 April (Figure 8b ) had lower possibility of being completely mixed down. The ozone in the stratospheric intrusion tongue above two times can be seen as the lower and upper bound, respectively. Thereby, the contribution of the STT to the troposphere is approximately between 0.106 Tg and 0.073 Tg during a two-day period. We consider the lifetime of the cutoff low as the STT timescale. In this study, we did not consider TST because the STT dominates the process and the revolution of the PV anomalies does not show that the detached intrusion tongue returned to the stratosphere as Vaughan et al. [1994] saw. The upper bound of the STT budget estimate from this study is close to what Lamarque and Hess [1994] reported (0.11 Tg) for a similar cutoff low system, which had a lifetime about four days, during later wintertime. However, Lamarque and Hess [1994] calculated the two-way transport using a meso-scale model, including both STT and TST. The budget from this study is about twice what Langford et al. [1996] reported for an October cutoff low, $0.04 Tg, over a larger geographical area and higher PV. Cooper et al. [2004] reported a 0.5 Tg ozone contribution during 7.5 days (60% of the irreversible mixing happens within 2 days) from a springtime STT event associated with a larger cyclonic system, and by using a higher ozone/PV ratio and a different approach compared with this study. Not surprisingly, as the sensitivity tests have shown, the major uncertainty for this calculation arises from assumptions about the location of the pressure level at which Figure 8 . NAM derived 320-K IPV (black dotted and solid interweaved contours) and the 2-PVU tropopause pressure (color contours) for (a) 1800 27 April, (b) 0000 28 April, (c) 0600 28 April, (d) 1200 28 April, (e) 1800 28 April, and (e) 0000 29 April. The white squares designate the area for the STT budget calculation. The mismatch of the contours of 320-K IPV and the lowest 2-PV pressure suggest the extension of the stratospheric intrusion tongue in the troposphere. irreversible mixing occurred. If this level is assumed to be 350 hPa, the STT ozone contribution will be 50% higher. The second uncertainty, estimated to be $33%, comes from the linear relationship between IPV and ozone. The combined uncertainty for the above two sources is approximately 59%. The final uncertainty for the flux calculation could be even higher due to the uncertainty in the time period estimate.
Impact on Ozone Vertical Profile and Variability
[24] As shown by Figure 4 , the ozone measured by the lidar and ozonesonde within the first 12 h after the stratospheric intrusion exhibits considerable variability in the mid and upper troposphere. Most of the lower tropospheric ozone variation is associated with intense advection and convection processes. The ozone variation associated with STT is rather complicated. We see that the STT occurred over Huntsville at 1200 27 April as shown in Figure 3 . To help understand the ozone variability, we calculate average ozone values using the 10-min lidar profiles and their 1-s standard deviation for the two observational periods, from 0300 to 0645 28 April ($15-19 h after the intrusion) and from 2230 28 April to 0630 29 April ($35-43 h after the intrusion). There was no low-cloud interference for these two periods. The average ozone profiles for these two periods plotted in Figure 9 clearly show the STT air transported between $7 to $3.5 km and an $15-ppbv ozone decrease in the upper troposphere due to westerly advection. For the 15-19 h lidar measurements, the 10-min ozone profiles exhibit slightly higher variability ($6%) in the STT ozone layer, 5.5-8 km, and the variability in the lower layer, where the STT effect is negligible, is less than 4%. However, for the 35-43 h lidar data, the variability can be as large as 22% (near 4.5 km) mostly due to the westerly low ozone flow. This result suggests that the variability in the upper atmosphere is rather small after the stratospheric intrusion tongue has dissipated and that much larger variability could be seen later at the transition of the prevailing wind flow.
Impact on the Surface
[25] To investigate the STE impact on surface ozone levels, we analyzed the EPA hourly surface ozone monitoring data from the Air Quality System. The 1-h maximum surface ozone at most EPA stations, including high elevation stations and the stations that have minimum anthropogenic emissions in Alabama and Georgia, was $40, $50, and 60 ppbv on 27, 28, and 29 April respectively. This gradual ozone enhancement is mostly related to the development of the high-pressure system. There is no abnormal surface ozone jump or geographic distribution pattern which can be attributed to this STT event. Therefore, we believe that this STT event does not have an immediate impact on surface ozone within the PBL. However, exchange processes between the PBL and the free troposphere always exist and can affect surface levels after injecting free tropospheric ozone into the nocturnal PBL [Morris et al., 2010] . In Figure 4a , the PBL ozone exhibits primarily a diurnal variation after 0300 28 April except for a slight enhancement ($5 ppbv) observed between 0100 and 0400 on 29 April due to the downward flux following the collapse of the convective boundary layer top.
Conclusions
[26] The UAHuntsville ozone lidar and ozonesondes captured a springtime STT event associated with an upper-air cutoff cyclone and tropopause fold. The jet stream with maximum winds of $60 m/s was classically located at the southern edge above the stratospheric intrusion tongue near the tropopause. The observed tropopause in Huntsville descended to $6 km in the direct stratospheric intrusion stage and then ascended to $10 km after $12 h.
[27] The PV anomalies calculated from the analysis data of NCEP's NAM model [Janjic, 2003] with 6-h intervals agree well with the ozone observations in Huntsville. The NAM-derived 2-PVU surface, defined as the dynamic tropopause in this work, generally coincides with the ozone tropopause estimated from the ozonesonde and lidar measurements consistent with previous studies [e.g., Krebsbach et al., 2006] . The NAM-derived thermal tropopause based on the WMO [1986] definition fails to reproduce the depressed tropopause possibly due to the "cyclone-anticyclone asymmetry" associated with the small-scale cyclonic system, as described by Wirth [2000 Wirth [ , 2001 .
[28] After the direct intrusion phase, the lidar observed a 2-km thick elevated ozone layer at $7.5 km with values between 70 and 85 ppbv, resulting from the STT. The Q (302-310 K) of this ozone rich layer is higher than that at the tropopause, calculated from the earlier ozonesonde profile, suggesting that the intense cross-tropopause activities took place slightly higher than the tropopause [Hoor et al., 2002; Pan et al., 2004 Pan et al., , 2006 . This ozone rich layer descended to the 298-K Q surface ($2.5 km) at a rate of $5 km/day. According to the lidar measurements in Figure 4a and the evolution of PV anomalies in Figure 8 , once the stratospheric air is irreversibly transported to the troposphere, it quickly loses its stratospheric characteristics (e.g., PV > 2, high ozone, high Q) [Stohl et al., 2000] due to the dilution with surrounding air indicating that it is difficult to track the stratospheric air with the tracers and accurately quantify the influence of STT on the troposphere.
[29] We divide the air into two categories: the mixing layer between the stratosphere and troposphere with PV between 1 and 6 PVU; and the stratosphere with PV greater than 6 PVU. By the least squares fits of the NAM-derived PV and measured ozone, the ozone/PV ratio for the mixing layer is $41 ppbv/PVU with an estimated error of 33%, which is close to the climatological average that Beekmann et al. [1994] reported the for springtime. However, this ratio is significantly higher than what Pittman et al. [2009] reported for the START08 experiment [Pan et al., 2010] . This ratio is expected to be more accurate with more comprehensive data in the future.
[30] During this two-day period, the estimated ozone irreversibly transported from the stratospheric into the troposphere is between 0.07 Tg (0.9 Â 10 33 molecules) and 0.11 Tg (1.3 Â 10 33 molecules) with an estimated uncertainty of 59%. The uncertainty in the ozone budget could be significantly reduced by supplying simultaneous measurements from multiple stations to a high resolution model.
[31] Tropospheric ozone above Huntsville exhibited enormous variability due to the horizontal and vertical mixing processes. Low ozone and large variability were observed in the mid-troposphere after the stratospheric intrusion due to the westerly advection when the transition from the cyclonic system to anticyclonic system. We did not find any significant impact from this event on surface ozone when looking at the EPA hourly surface data. This conclusion is consistent with the lidar ozone observations showing that the high ozone layer originating from the stratosphere did not extend to the daytime boundary layer. Although the direct stratospheric intrusion lasts for a period extending from several hours to a few days [Bithell et al., 2000; Cooper et al., 2004] , its indirect impact on the lower troposphere could be much longer [Liang et al., 2009] . 
